The twin-arginine translocase (Tat) carries out the remarkable process of translocating fully folded proteins across the cytoplasmic membrane of prokaryotes and the thylakoid membrane of plant chloroplasts. Tat is required for bacterial pathogenesis and for photosynthesis in plants. TatA, the protein-translocating element of the Tat system, is a small transmembrane protein that assembles into ring-like oligomers of variable size. We have determined a structural model of the Escherichia coli TatA complex in detergent solution by NMR. TatA assembly is mediated entirely by the transmembrane helix. The amphipathic helix extends outwards from the ring of transmembrane helices, permitting assembly of complexes with variable subunit numbers. Transmembrane residue Gln8 points inward, resulting in a short hydrophobic pore in the center of the complex. Simulations of the TatA complex in lipid bilayers indicate that the short transmembrane domain distorts the membrane. This finding suggests that TatA facilitates protein transport by sensitizing the membrane to transient rupture.
T he twin-arginine translocase (Tat) pathway is one of two fundamentally different systems for translocating proteins out of the bacterial cytoplasm. In the Sec system, proteins are "threaded" across the membrane in an unfolded form (1) . In the Tat system, which is structurally and mechanistically unrelated to the Sec translocase, proteins are translocated in a fully folded form (2, 3) . The Tat pathway is required for important cellular processes, including energy metabolism (Tat can export cofactorcontaining proteins), cell division, cell motility, quorum sensing, heavy metal resistance, iron acquisition, and biofilm formation (3) . The Tat pathway is found in most bacterial pathogens and is normally required for virulence (4) . The Tat system is also found in the thylakoid membrane of plant chloroplasts, where it is essential for the biogenesis of the photosynthetic apparatus (5, 6) .
In Escherichia coli the Tat system consists of the three integral membrane proteins TatA, TatB, and TatC (7, 8) . TatB and TatC form a tight complex (TatBC) that binds substrate proteins (9) (10) (11) (12) . TatA is then recruited to the TatBC/substrate complex, where it polymerizes to form the substrate translocation pathway (9, (13) (14) (15) (16) (17) .
The physical mechanism by which folded substrates are translocated across the membrane is the most poorly understood aspect of the Tat pathway. It has been suggested that TatA polymerization produces a bespoke channel corresponding to the size of the transported substrate protein (18) , or that it weakens or disorders the membrane bilayer to form a transport-permissive patch (19, 20) .
E. coli TatA is an 89-residue monotopic integral membrane protein with the N terminus at the periplasmic face of the membrane (21) . The monomer structure of the TatA family protein TatA d from Bacillus subtilis has been determined by NMR (22) . As anticipated (23, 24) , this determination shows that TatA comprises an N-terminal transmembrane helix (TMH; corresponding to residues 5-20 in E. coli TatA), followed by an amphipathic helix (APH; corresponding to residues 22-45 in E. coli TatA) and an unstructured and hydrophilic cytoplasmic tail (Fig. S1 ). The TMH and APH are oriented at approximately right angles to each other, forming an "L" shape. The junction between the two helices is centered on invariant Gly21 (E. coli TatA numbering) and is termed the "hinge." The interhelix angle is maintained by packing interactions (the "hinge brace").
A molecular-level description of the way TatA protomers assemble is an essential step in understanding Tat transport and will provide insight into likely modes of protein translocation. In native membranes TatA assembly is catalyzed by the substrateloaded TatBC complex (14, 15) and requires a transmembrane proton motive force (9, 13) . These conditions make structural studies in membranes extremely difficult. However, solubilization of TatA using mild detergents, such as dodecyl nonaoxyethylene ether (C 12 E 9 ), digitonin, or dodecylmaltoside, favors TatA oligomerization and this manipulation has allowed determination of low-resolution electron microscopy structures of TatA and of TatE, a secondary TatA copy found in E. coli (12, 18, 25) . The electron microscopy structures show ring-like complexes but provide no details of the arrangement of the oligomers within the electron density or knowledge about how TatA is able to mediate transport of folded proteins.
We report an atomic-level model for the TatA oligomer determined by solution NMR. We exploited the fact that oligomerization of TatA can be controlled by varying the concentration of the solubilizing detergent. The structure of the oligomeric complex was then assembled by combining a high-resolution structure of the monomer with experimentally determined intermolecular distance restraints in the oligomer. The oligomeric TatA structure reveals an assembly mediated entirely by the transmembrane he-
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Results
Detergent-Dependent Oligomerization of TatA. Understanding the molecular mechanism of the Tat translocation system requires a structural description of the complexes formed by TatA. TatA oligomers have been best characterized in the detergent C 12 E 9 (18, 23, 26) . In this detergent, TatA oligomers have variable subunit stoichiometry, with most complexes having apparent molecular masses between 130 and 390 kDa (18) . The heterogeneity of these TatA complexes, as well as the observed flexibility of the TatA monomer (22) , precludes structure determination by crystallization. We explored solution NMR as an alternative approach to elucidate the TatA complex structure. Solution NMR tolerates conformational flexibility and some heterogeneity. Nevertheless, the size and heterogeneity of the TatA complexes observed in C 12 E 9 had to be significantly reduced to allow application of NMR methods. To achieve this result, we first used a truncated version of TatA that lacks the 40 unconserved and nonessential C-terminal residues of the cytoplasmic tail (27) . These residues are disordered in the TatA d monomer NMR structure (22) and in the C 12 E 9 -solubilized E. coli TatA complex, as judged by circular dichroism measurements (23) and preliminary NMR experiments. The resultant truncated construct (henceforth referred to as TatA) is 49-aa long and retains the highly conserved TMH and APH domains (Fig. S1 ). Second, we screened for detergents in which TatA adopts a smaller, more homogeneous oligomeric state. We found that the oligomeric state of TatA in the detergent dodecylphosphocholine (DPC) can be manipulated by varying the detergent-to-protein ratio (DPR). This result is illustrated by equilibrium sedimentation analytical ultracentrifugation (Fig. 1A) and chemical cross-linking experiments (Fig. 1B) , where the TatA concentration was kept constant but the detergent concentration varied. The average molecular mass of the TatA complexes and the number of TatA-TatA cross-links decreased with increasing DPR. At high DPRs TatA was predominantly monomeric as assessed by analytical ultracentrifugation and showed little crosslinking to other TatA molecules. Consistent with this analysis, NMR spectra of TatA at a DPR of 250 showed a homogeneous species with spectral line-widths indicative of a small, monodisperse protein (Fig. 1C) . At lower DPRs an additional set of broader resonances appeared, which were most clearly seen for the well-resolved APH glycines ( Fig. 1 D and E) . By a DPR of 30, these new resonances had replaced the resonances arising from monomeric TatA, suggesting complete conversion of TatA to a previously undescribed form (Fig. 1F ). Oligomers at least as large as an octamer can be detected at this DPR by cross-linking (Fig. 1B) and analytical ultracentrifugation indicates an average protein mass equivalent to an oligomeric state of approximately 9 (Fig. 1A) . Thus, this unique spectral state is associated with an oligomeric form of TatA. The homogeneity of the oligomeric TatA spectra indicated a regular structure in which subunits adopt similar conformations and intermolecular packing interfaces. Although the oligomer state may represent a range of oligomers rather than a single oligomer, the spectral similarities indicate that the TatA protomers adopt highly similar structures and intersubunit relationships. Negative-stain electron microscopy at this DPR shows a ring-like morphology similar to that of TatA or TatE in other detergents (12, 18, 25) (Fig. S2A ).
Monomeric TatA(T22P) Is Structurally Similar to the TatA Oligomeric Subunit Conformation. The large size of the micelle-bound TatA oligomer (total mass estimated to be approximately 90 kDa) prevented a conventional structure determination by solution NMR. However, a structural model of an oligomeric protein may be constructed using sparse intermolecular restraints and well-defined structures of the monomers as long as the monomer structures are maintained in the oligomer (28) . Upon oligomerization, TatA exhibits extensive chemical shift perturbations near the TMH/APH hinge (Fig. 1G ). These perturbations could, in principle, have arisen from either structural or environmental changes. Because structural changes may interfere with oligomer contacts and prevent accurate model building, variants of the TMH/APH hinge region based on substitutions commonly found in other TatA proteins were expressed and characterized for their ability to preserve the oligomeric subunit conformation. Substituting the threonine residue at position 22 in E. coli TatA with the proline found in some other TatA molecules, including B. subtilis TatA d , produced a variant that oligomerized in a similar way to wild-type TatA ( Fig. S2 B and C) , but which in the monomer state retained close similarity in APH resonances to the oligomeric state (Fig. S3) . The chemical shifts of residues 27-32 in TatA oligomer and TatA(T22P) monomer are highly similar, suggesting that oligomerization-induced chemical shift perturbations in this region of the APH do not arise from physical contact between subunits but rather from an alteration of the structure or dynamics upon oligomer formation. The discovery that TatA (T22P) is conformationally similar to that of the TatA oligomeric subunit was serendipitous, but proved useful for further characterization of the TatA oligomer.
Monomer Structure of TatA(T22P). Because spectral overlays indicated that the TatA(T22P) monomer structure is a close structural homolog of the oligomeric TatA subunit structure, we determined the structure of the TatA(T22P) monomer. In the high-resolution structure of monomeric TatA(T22P) ( Fig. 2A, Fig.  S4 , and Table S1), the APH makes an angle of ∼103°with respect to the TMH. NOEs were observed between the methyl protons of Val17 in the TMH and Leu25 in the APH, similar to the hinge brace observed in TatA d (22) . In the TatA(T22P) structure Leu32 and Gly33 form a ∼44°kink in the APH, which can also be seen as a discontinuity in ( Fig. 2B ) and divides the helix into proximal and distal segments with respect to the TMH. N RDCs for residues in the TMH and proximal APH in monomeric wild-type TatA were of lower magnitude than those of TatA(T22P) (Fig. 2B ). To evaluate whether this arises from a change in structure or mobility at the TMH/APH hinge, the TatA RDCs were fit to the representative TatA(T22P) structure and the RDCs back-calculated (Fig. S5) . The correlation between the measured and calculated RDCs was 0.99, similar to that for the TatA(T22P) RDCs, suggesting that TatA does not adopt a different structure but rather has increased mobility at the TMH/APH hinge. Consistent with this interpretation, less intense methylto-methyl NOE intensities between Val17 and Leu25 were observed in monomeric TatA relative to monomeric TatA(T22P). Comparison of backbone 13 C′ and 13 Cα chemical shifts indicate that the proximal APH of TatA(T22P) is more helical than that of monomeric TatA (Fig. S6) , suggesting that helicity also increases upon TatA oligomerization.
Spectral Analysis of the TatA Oligomer. The spectral similarity of oligomeric TatA to monomeric TatA(T22P) permitted direct transfer of the APH backbone amide chemical shift assignments from monomeric TatA(T22P) to oligomeric TatA. However, there were still chemical shift differences between TatA(T22P) monomer and TatA oligomer in the TMH. Assignment confirmation and extension to TMH residues required a combined approach, beginning with NOE strip comparisons between 3D 13 C-separated NOESYs recorded on fully protonated monomer and oligomer to obtain 1 H- 13 C methyl assignments (Fig. 1F) . For a small number of residues, confirmation of backbone amide assignments required observation of chemical shift perturbations after site-directed mutagenesis (29) .
Complete assignment of the TatA oligomer spectrum indicated that the T22P mutation closely mimics the chemical shift changes that occur in several residues in the APH upon oligomerization, consistent with these changes arising from oligomerization-induced allosteric effects (Fig. 1G) . By contrast, chemical shift changes in the TMH are similar between the TatA oligomer and either the TatA(T22P) or TatA monomer, suggesting that these differences arise from intermolecular packing interactions. In addition, large changes are observed in the carboxamide sidechain resonances of functionally essential TMH residue Gln8 following oligomerization ( Fig. 1 C and F, and Fig. S3 ). The downfield 15 N shift and increase in 1 H dispersion upon oligomerization are characteristic of transfer of this side-chain to a more polar environment in the oligomer. and oligomeric form (Fig. S7) . NOEs detected between methyl groups for which intramolecular distances within an α-helix were too large to be compatible with direct contact within a single molecule were tentatively identified as intermolecular in nature, and confirmed by a second NOESY spectrum collected after monomerization of the protein by addition of DPC. Intermolecular NOEs were identified between the methyls of Ile12 and Val14, and Val16 and Leu18. Additional NOEs between Trp7 and Leu9, Leu18 and Val16, and Leu18 and Phe20 were subsequently obtained from aromatic and aliphatic 13 C-edited NOESY-HSQCs (heteronuclear single-quantum coherence) on fully protonated oligomeric protein at 37°C.
A structural model of the TatA oligomer was determined by the protocol summarized in Fig. 3A and described in more detail in SI Text. Nine TatA subunits were included in the final model on the basis of the analytical ultracentrifugation-derived average molecular mass of TatA at the experimental DPR (Fig. 1A) . All intermolecular NOEs detected were from residues in the TMH. Thus, the orientation of the APH toward (APH-in) or away (APHout) from the center of the oligomer was not explicitly defined by the NMR data. However, as in monomeric TatA(T22P) and TatA, intramolecular NOEs were observed between the methyls of Val17 and Leu25, indicating that the relative orientation of the TMH and APH are similar in the monomer and oligomer, and that an oligomeric model can be assembled using a rigid-body approach. The ∼90°angle between the TMH and APH results in severe steric clashes for the APH-in arrangement of the oligomer, and all low-energy structural models had an APH-out arrangement. The resulting oligomer forms as a bundle of TMHs, with the APHs extending outward from a ring of TMH (Fig. 3B and Fig.  S8 ). The hydrophobic residues of the proximal APH (Leu25, Ile28, Leu32) and distal APH (Ile36, Phe39, Met43) are oriented toward the presumed membrane bilayer (Fig. 3C) . The APH curves slightly upward toward the transmembrane domain, which can be attributed to the curved micelle surface (see Molecular Dynamics Simulations of TatA in Lipid Bilayers, below). The TMH packing interactions are shown in Fig. 3D . A pore is formed from the bundle of TMHs, with the cytoplasmic end of the pore formed by the hydrophobic side-chains of Ile11, Ile15, and Leu19. The amide group of Gln8 forms the most N-terminal (periplasmic) group within the structured portion of the pore (Fig. 3E) , resulting in a pore with a hydrophobic length of ∼15 Å.
Electron Spin Resonance Distance Measurements Are Consistent with an APH-Out Assembly. Because NMR failed to detect intermolecular NOEs between the APH of TatA, we used electron paramagnetic resonance (EPR) measurements on spin-labeled TatA oligomers to test whether the modeled APH-out configuration is correct. Although NMR distance constraints determined through NOEs are restricted to short distances (< ∼5 Å), site-directed spin labeling allows the determination of longer distances (30) . Distances between ∼10 and 17 Å can be determined by exploiting the dipolar broadening in continuous-wave (cw) EPR spectra of the spin label; distances above ∼17 Å can be determined using double electronelectron resonance (DEER) (31) .
Single cysteine TatA variants were spin-labeled with MTSL [(1-Oxyl-2,2,5,5-tetramethyl-Δ3-pyrroline-3-methyl) methanethiosulfonate] (Fig. 4A) . Cw EPR spectra recorded on oligomeric TatA samples with different ratios of spin-labeled subunits show a broadening of the nitroxide spectrum for a V17C variant (located in the TMH) at higher spin-labeling stoichiometry, but spectra for an A34C variant (located in the APH) are almost completely independent of spin-label stoichiometry (Fig. 4B) . Large spin-spin interactions therefore broaden the EPR spectra of the V17C variant at higher spin concentrations but no such spin-spin interaction broadening can be discerned from the spectra of the A34C sample. These data suggest a closer average proximity between TMHs than between APHs (Fig. 4A) . Further evidence for the presence of a shorter average distance between V17C residues relative to A34C residues can be qualitatively inferred from the half-time of the modulation decay in DEER experiments (Fig. 4C,  Left) . A quantitative analysis of both the cw EPR and DEER data was undertaken by first computing a spin-spin distance distribution using the NMR-derived 9-mer structure (Fig. 4C, Inset, Right) ; the MTSL positions on each APH spin-label site of the oligomer were defined by a mean position and broadened by a Gaussian distribution to account for spin label and protein flexibilities [the mean spin-label position was determined by the program MMM (32)]. Simulations using this distance distribution are shown for the cw EPR data in gray in Fig. 4B and for the DEER data in Fig. 4C , Right (see SI Text for further details). The experimental data strongly support the assignment of an APH-out oligomeric conformation and the simulations show agreement with the structure of the NMR-derived model.
Water Accessibility of the TatA Oligomer in Detergent Micelles. The water accessibilities of TatA monomer and oligomer were probed using the paramagnetic metal chelate Mn +2 EDDA −2 , which results in paramagnetic relaxation enhancements for residues exposed to water (33, 34) (Fig. 5) . In both states of TatA, the backbone amides of TMH residues 9-20 were mostly sequestered from water, as expected because of embedding within the detergent micelle, and suggest that detergent molecules are present in the central pore of the oligomer. Water exposure of the side-chain amide of the glutamine at position eight, which is a conserved polar residue within the TMH, was greatly increased upon oligomerization, consistent with the increased deshielding of the side-chain amide chemical shifts upon oligomerization (Fig. 1 C and F) . The proximal and distal regions of the APH in both states were partially protected from water exposure in both states, likely through interactions with the detergent micelle, although greater water exposure was detected in the region of the APH kink.
TatA Mode of Assembly Is Consistent with Oligomeric Sizes Observed in Membranes. Fluorescence measurements in E. coli membranes indicate formation of complexes containing an average of ∼25 TatA molecules (16) , and kinetic analysis of transport through the Tat pathway in thylakoids indicates a requirement of ∼26 molecules of Tha4, the TatA homolog, for maximal transport efficiency (35) . To test whether the mode of assembly determined for TatA in DPC is consistent with larger membrane complexes, a modelbuilding procedure similar to that for the 9-mer was applied to representative complexes consisting of 16 and 25 subunits. Energies for restrained simulations of 16-and 25-mer structures were comparable to those of the 9-mer and no violations of the intermolecular distance restraints were observed. Thus, the experimentally determined mode of assembly can account for the larger complexes observed in membranes (Fig. 6A) . In contrast to the smaller oligomers, intersubunit packing interactions were formed in the proximal APH of the 25-mer between Thr22 and Ile28, and Gly26 and Leu32 (Fig. 6B) . Attempts to build a 26-mer resulted in nonplanar arrangements of the subunits to accommodate APH packing. Thus, although interactions between APH do not appear to be required for stabilizing the TatA oligomeric assembly, APH packing interactions may dictate an upper limit on complex size.
Mutations in the APH Lead to Long-Range Perturbations. Mutagenesis studies of highly conserved residues in the APH (Fig. S1 ) were carried out to better understand the role of the APH in TatA structure. Alanine substitution of Asp31 in the proximal APH, Gly33 in the APH kink, or Phe39 in the distal APH, resulted in extensive backbone amide chemical shift changes throughout the APH in monomer form (Fig. S10) . Because both the proximal and distal APH interact with the detergent micelle (Fig. 5) bination of altered helical stability and altered contacts with the detergent micelle either through rotation along the helical axis or changes in the APH kink. Chemical shift perturbations in the distal APH residues 42-44 were observed for all substitutions, with the largest changes in 42-44 occurring for the F39A substitution (Fig. S10) . Phe39 is invariant and a F39A substitution inhibits translocation (36) . The TatA structure indicates that Met43 forms a hydrophobic, membrane-facing patch with Phe39 (Fig. 3C) . Taken together, these results suggest that Phe39 anchors the distal APH to the membrane surface and that this anchoring may be important for translocation activity.
Molecular Dynamics Simulations of TatA in Lipid Bilayers. The behavior of TatA monomer and oligomer structures in a membrane environment was investigated through multiscale molecular dynamic simulations using a simple model of an E. coli innermembrane lipid bilayer (37) . Table S2 contains details of the simulations performed. In all simulations of oligomeric TatA the TMH inserted parallel to the bilayer normal. The APH adopted an altered conformation in which both the proximal and distal segments lie in the plane of the bilayer, interacting with the lipid headgroup region (Fig. 7) . This finding suggests that the more acute angle between the TMH and distal APH in the NMR structure reflects adaptation of the APH to a curved micelle surface (Fig. 3B) . Simulations of oligomeric TatA in a DPC micelle environment support this. The lipid bilayer surrounding the transmembrane domain is severely distorted on the periplasmic side of the oligomer because of the unusually short TMHs (Fig. 7) . The periplasmic N terminus of the transmembrane domain is water-accessible, and the Gln8 side-chains interact with water molecules (Fig. S11A) , consistent with the paramagnetic relaxation enhancement measurements (Fig. 5 ) and the chemical shifts (Fig. 1F) of the Gln8 side-chain amides in oligomeric TatA in DPC.
In contrast to the bilayer distortions observed for the oligomer, simulations of the TatA monomer indicated that the TMH inserts at an angle to the membrane normal, in an orientation similar to that reported for B. subtilis TatA d in lipid bilayers (38) . The tilted conformation draws the N terminus of the proximal APH deeper into the membrane and the hydrophobic depth of the membrane is more closely matched by that of the protein (Fig. 7) . As a result, the extent of bilayer distortion in the presence of monomeric TatA is greatly decreased compared with that in the presence of the oligomer.
In monomer and oligomer simulations in lipid bilayers the APH region was observed to adopt two conformations in the plane of the phospholipid headgroups, namely straight or kinked at Gly33. The distal APH remains anchored in the membrane in both conformations via burial of the Phe39 side-chain, a residue that is essential for Tat function (36) . In coarse-grained molecular dynamic simulations of the monomer, dynamic switching between the two conformations occurred on an ∼100-ns timescale (Fig.  S11B) . The degree of kinking in the APH at Gly33 was found to decrease as a function of oligomer size, with the most populated kink angle (between the proximal and distal regions of the APH) of the monomer approximately 90°, decreasing to ∼20°in the higher-order oligomers, likely because of spatial constraints. The Gly33 kink angle may play a role in stabilizing and regulating oligomer formation. Only the kinked conformation was observed in simulations in the DPC micelle. Some unfolding of the APH was observed in all simulations of oligomers, possibly as a result of the large proportion of helix-destabilizing Gly and Ser residues.
Comparison of simulations with oligomerization states ranging from n = 1-4 to 9 suggest that oligomers from n = 4-9 and above are all likely to result in significant bilayer distortion. Although interactions between TMH are sufficient to maintain a stable helix bundle for n = 4; for n = 9 the bilayer distortion and movements of the APH seem to destabilize the TMH intermolecular contacts. Thus, additional factors (e.g., the transbilayer proton motive force, substrate, or other Tat proteins) are likely needed to stabilize higher-order TatA oligomers in a lipid bilayer environment. The majority of simulations were performed with lipids present within the pore. In AT simulations with no lipid density in the pore at the start of the simulation, collapse of the TMH bundle occurred rapidly, such that water was completely excluded from the hydrophobic pore within 40 ns.
Discussion
TatA Assembly. TatA and TatE (a TatA paralog) form ring-like oligomers in detergent (12, 18, 25) (Fig. S2A) , consistent with diffusion measurements of fluorescent TatA complexes in cell membranes (16) . The precise oligomeric state of TatA is variable in cell membranes (16) and detergent micelles (12, 18, 25) . At low concentrations of DPC, TatA adopts an average oligomer size of approximately 9, which is smaller than that of TatA in C 12 E 9 (18) and digitonin (12) but comparable to that of TatE in dodecylmaltoside (25) . The interfacial contacts between TatA TMHs in DPC micelles determined here by NMR are consistent with previous EPR studies of full-length TatA in C 12 E 9 micelles (26) .
In the TatA 9-mer the average intersubunit crossing angle for the TMH is 4.2°. This angle provides a narrow contact surface over which large changes in subunit numbers result in only small changes in intersubunit contacts. In contrast, the APH extends outward from the pore axis, thereby avoiding APH contacts that would vary with subunit number. The APH may, however, provide an upper limit to oligomer size as inter-APH distances gradually decrease with the addition of subunits.
TatA Oligomerization Changes APH Interactions with the Micelle.
Substitution of Thr22 with a proline provided a surrogate structure for studying the subunit conformation of oligomeric TatA. Comparison of the structural properties of monomeric TatA and TatA(T22P) suggests that the predominant structural changes upon oligomerization are a change in the TMH/APH dynamics and an increase in helicity in the proximal APH. Helix stabilization in the APH of the TatA(T22P) variant may be a result of proline N-capping or to changes in interactions with the phospholipid headgroups of the detergent micelle. However, the similar changes in helicity that accompany oligomerization of the wildtype protein must be driven primarily by altered contacts with the detergent micelle, likely through a change in the angle at the TMH/APH hinge.
The APH of TatA does not participate directly in TatA oligomerization, but residues within the APH are highly intolerant to substitution (39) (40) (41) . The TatA APH has been shown previously to interact with liposomes (23, 42) , and here it is shown that single mutations in the APH produce chemical shift changes in the membrane-interacting face of the distal APH that likely reflect alterations in protein/phosphoplipid headgroup contacts. Because of greater malleability detergent micelles are expected to only weakly maintain amphipathic directionality, and thus the perturbations observed here are expected to be small relative to those that might be expected in phospholipid bilayers. Phospholipid composition has been shown to regulate Tat activity (43, 44, 45) , and alteration of TatA interactions with phospholipid headgroups may therefore contribute to the sensitivity of the Tat system to TatA APH mutations.
TatA Pore. TatA proteins contain a conserved polar residue near the N-terminal end of the transmembrane domain. In E. coli it is Gln8, which is the only residue within the transmembrane domain that is essential for translocase function (39) . In the oligomeric structure of E. coli TatA, Gln8 points toward the center of the TatA pore and is water-accessible. The position of Gln8 within the Phe39 Gln8 1-mer 9-mer 4-mer TMH, combined with the short length of the helix, results in a pore that is only hydrophobic for three turns of an α-helix. This is approximately half the length of the hydrophobic phase of a typical membrane bilayer. Molecular dynamics simulations indicate that the pore can accommodate lipids, but that they are distorted compared with lipids in bulk membrane. The thinned and distorted membrane within the TatA oligomer pore provides an obvious pathway for translocation of substrate protein.
Lipids in the pore may provide an energetic barrier to the loss of protons and other small molecules across the membrane while the Tat translocase is assembling. The lipids would, however, need to be removed or pushed aside during the translocation step, and it is unlikely that leaking of small molecules through the pore is completely prevented during protein translocation. Measurements for the chloroplast Tat pathway indicate that ∼80,000 protons are lost in each transport event (46) . As expected for a system that permeabilizes active membranes, TatA polymerization is highly regulated, requiring interaction with a substrate-bound TatBC complex. Our simulations in membranes indicate that the TatA pore complex may disassemble rapidly during or after protein transport.
Model for Tat Translocation. Formation of the active Tat translocation site requires substrate-induced assembly of a TatA oligomer from a pool of TatA in the membrane. Our experimental TatA oligomer model in conjunction with molecular dynamics simulations suggests how this may enable TatA to mediate transmembrane transport (Fig. 8) .
Our molecular dynamics analysis indicates that the TatA monomer can adopt an orientation within the membrane in which the TMH is tilted relative to the membrane normal, the angle between the TMH and APH is increased, and the proximal APH is deeply inserted into the membrane (Figs. 7 and 8A, and Fig. S11 ). This tilted orientation is required to accommodate the unusually short TMH of TatA and is consistent with solid-state NMR measurements of B. subtilis TatA d in bicelles (38) , as well as with labeling accessibility studies of the chloroplast Tha4 protein (47) . Flexibility at the APH kink enables the distal APH to remain parallel to the membrane surface with the functionally critical residue Phe39 (36) inserted into the bilayer interior.
Upon oligomerization, TatA must reorient in the membrane to allow the shallow crossing angles required for TMH packing. This reorientation causes the whole of the APH to now lie along the surface of the membrane, which is in agreement with the changes in APH accessibility observed upon Tha4 activation (47) . Relocalization of the APH in turn results in the TMH ring being pulled into the cytoplasmic leaflet of the membrane. The effective length of the TMH is further reduced on the pore face of the oligomer because the conserved polar amino acid at position 8 in each protomer points into the TMH pore. The resulting hydrophobic mismatch with the bilayer causes membrane thinning and lipid disordering in the pore, thereby sensitizing the membrane to disruption (Fig. 8B) .
This model for regulating oligomerization may explain why the TatA state is shifted toward the oligomer in detergent. In the absence of the long-range amphipathic order and hydrophobic depth mismatch, TMH "tilting" becomes irrelevant and permits intermolecular packing to dominate. Although the isolated TatA oligomer is unstable in a simulated bilayer environment, in the cell it will be rendered metastable by interactions with the TatBC/ substrate complex, which controls TatA polymerization.
The TatA oligomer structure suggests that the APHs form a platform upon which the substrate lies, an arrangement that is consistent with cross-linking studies (17, 47, 48) . Nonspecific substrate-APH interactions would then provide cross-bridging contacts between APHs that could assist in stabilizing the TatA oligomer. Additional stabilization would be provided by the highly charged C-tails of TatA if these wrap around the substrate (47) .
Our model suggests that at this stage the substrate protein is located over a thinned and disordered patch of membrane that is susceptible to rupture. A possible scenario for the final step of translocation is that substrate is pulled into the TatA pore, forcing the TatA subunits apart and transiently diluting pore lipids (Fig.  8C) . In this way the membrane is ruptured permitting substrate translocation and at the same time disassembling the TatA oligomer.
Materials and Methods
Plasmids. Plasmid pET24a-TatA and pET24a-TatA(Δ40) was used to express full-length and residues 1-49 of E. coli TatA, respectively, with a carboxylterminal hexahistidine tag. The plasmids were obtained by PCR amplification of tatA from E. coli genomic DNA (primers ccgcgccatatgGGTGGTATCAGT-ATTTGGCAG, cgcgtgaagcttagtgatggtgatggtgatgCACCTGCTCTTTATCG and cgcgtgaagcttagtgatggtgatggtgatgCTTTGGTTCATCATCGCTC), cut with NdeI/ HindIII and ligated into pET24a (Novagen). Site-specific mutations were introduced into the tatA gene in pET24-TatA(Δ40) using the QuikChange method (Stratagene).
Protein Expression and Purification. E. coli strain BL21 pLysS (Invitrogen) transformed with the appropriate expression plasmid was cultured aerobically at 37°C in M9 medium supplemented with the appropriate isotopes. A methyl-protonated sample labeled with (49) . When the cultures reached an A 600 nm of 0.6, expression of the tatA allele was induced with 1-mM final concentration of isopropyl β-D-thiogalactoside, and the growth continued for 7 h at 30°C before harvesting. Cells were resuspended in 20 mM Tris, pH 8.0 and 200 mM NaCl (buffer A) supplemented with DNase I and protease inhibitors (Roche Applied Science; complete EDTA-free protease inhibitor mixture). Cells were disrupted by three passages through a French pressure cell at 8,000 psi, and cell debris was removed by centrifugation at 10,000 × g and 4°C for 15 min. Membranes were isolated by ultracentrifugation at 150,000 × g and 4°C for 60 min and solubilized with C 12 E 9 (Sigma). The protein was bound to Ni-NTA agarose (Qiagen), washed with buffer A containing 0.1% C 12 E 9 and 50 mM imidazole, then with buffer A containing 0.1% (wt/vol) DPC and 50 mM imidazole and eluted with buffer A containing 0.1% (wt/vol) DPC and 800 mM imidazole. TatA-containing fractions were pooled and concentrated using a 30-kDa molecular mass cutoff Microcon centrifugal concentrator (Millipore). The concentrated sample was subjected to size-exclusion chromatography on a Superdex 200 10/300 GL column (GE Healthcare) in 50 mM sodium phosphate pH 7.0 and 3 mM DPC. TatA-containing fractions were identified by SDS/PAGE, pooled and stored at -80°C until use. Sample DPC concentrations following size-exclusion chromatography were ∼15 mM, as determined by comparison of signal intensities in a 1D 1 H NMR spectrum against those from samples of known concentration.
Chemical Cross-Linking. Glutaraldehyde at the indicated concentrations were added to protein samples and incubated at 25°C. The reaction was stopped after 5 min by adding 0.2 M Tris buffer (pH 8.0) followed by SDS/PAGE and immunoblotting.
